The rich club comprises a densely mutually connected set of hub regions in the brain, thought to serve as a processing and integration core. We assessed the impact of normal variation of the tryptophane hydroxylase 2 gene's promotor region (TPH2 rs4570625) on structural connectivity of the rich club pathways by means of a candidate gene association design. Tryptophane hydroxylase 2 (TPH2) is a rate-limiting enzyme in the biosynthesis of serotonin and is known to inhibit, in addition to its role as a trans-synaptic messenger, axonal and dendritic growth. The TPH2 T-variant has been associated with reduced mRNA expression and reduced serotonin levels, which may particularly influence the development of macroscale anatomical connectivity. Here, we show larger mean connectivity in the rich club in carriers of the T-variant, suggesting potential effects of upregulation of neural connectivity growth in this central core system. In addition, by edge-removal statistics, we show that the TPH2-associated higher levels of rich club connectivity are of importance for the functioning of the total structural network. The observed association is speculated to result from an effect of serotonin levels on brain development, potentially leading to stronger structural connectivity in heavily interconnected hubs.
Introduction
The human brain is an intricate network of structurally interconnected regions, a network known as the macroscale connectome (Sporns et al. 2005) . Studies have noted that some brain areas tend to play a more prominent role and exert a larger influence on the brain network's overall organization. These putative "neural hubs" (see van den Heuvel and Sporns 2013 for review) are individually well connected and particularly rich in connections (Bullmore and Sporns 2012; Collin, Sporns et al. 2014; van den Heuvel, Scholtens, Barrett et al. 2015; van den Heuvel, Scholtens, de Reus 2015) and they interconnect strongly among themselves, forming a centrally embedded "rich club" or "core" (van den Heuvel and Sporns 2011; de Reus and van den Heuvel 2013a; Towlson et al. 2013) . Rich club organization has been implicated in normal cognitive functioning (Baggio et al. 2015) and has been argued to play a role in psychiatric disorders (Daianu et al. 2014; van den Heuvel et al. 2013; Crossley et al. 2015) .
Previous studies have assessed the heritability of connectome features by analyzing connectome data depending on the degree of kinship (Schmitt et al. 2008; Glahn et al. 2010; Fornito et al. 2011; Jahanshad et al. 2012; van den Heuvel et al. 2013; Bohlken et al. 2014 ), but few studies have looked into associations between molecular genetics and connectomics (Thompson et al. 2013) . In the present study, we seek to reduce this gap by linking functionally relevant genetic variation to anatomical connectivity of the rich club, in particular, focusing on tryptophane hydroxylase 2 (TPH2) gene, a gene related to neurite outgrowth during brain development (Gaspar et al. 2003) .
TPH2 is a regulatory enzyme limiting the rate of serotonin biosynthesis in the brain (Zhang et al. 2004 ). TPH2-703 G/T (rs4570625) is a single-nucleotide polymorphism (SNP) in the promotor region of the gene encoding the TPH2 enzyme. A haplotype block containing the polymorphism's G-allele is known to lead to higher mRNA expression rates in the raphe nuclei than a haplotype block containing the rare T-variant (Scheuch et al. 2007 ). In line with the broad implications of serotonin in normal cognition and affective processing, the SNP has been linked to various psychological traits of emotional regulation (Gutknecht et al. 2007; Herrmann et al. 2007; Canli et al. 2008 ) and cognitive control (Reuter et al. 2007; Osinsky et al. 2009 ). In particular, besides the "classic" view on serotonin as a trans-synaptic messenger, the monoamine also regulates neuronal morphology and circuitry (Daubert and Condron 2010) , an effect that becomes most apparent in certain developmental windows during ontogenesis: Suboptimal serotonin signaling has been noted to affect growth of axonal wiring (Migliarini et al. 2013) , with excessive serotonin levels reducing axonal and dendritic growth (Trakhtenberg and Goldberg 2012) . Transgenic knockout of TPH2 in mice has been shown to lead to a complete lack of the TPH2 enzyme in the brain and the inability to synthesize serotonin leading to global wiring abnormalities of serotonergic neurons (Mosienko et al. 2015) .
With decreased mRNA expression observed in carriers of the TPH2 T-variant leading to decreased serotonin and reduced inhibition of axonal growth during development, we tested how the TPH2 variant is related to whole-brain and rich club connectivity.
Materials and Methods

Participants
A total of N = 92 healthy Caucasian participants (n = 55 females, n = 37 males, mean age M = 28.95, SD = 11.24, range 18-62 years) were included. All participants were recruited from the database of the Bonn Gene Brain Behavior Project and were free of past or present psychiatric or neurological disorders as assessed by a screening questionnaire. This screening questionnaire was administered twice, once upon recruiting and again on the day of MRI scanning. Unfortunately, information from a structural clinical interview was not available, which led us to rely solely on the selfreport of the participants. All participants provided buccal swabs for genotyping along with their informed written consent to link the genetic information to neuroimaging data. The study protocol was in accordance with the Declaration of Helsinki and approved by the ethics committee of the University Clinics in Bonn.
Genotyping
Genomic DNA was automatically purified from buccal cells by means of the MagNa Pure(R) LC system using a commercial extraction kit (Roche Diagnostics, Mannheim, Germany). Genotyping was performed by real-time polymerase chain reaction (RT-PCR) using melting curve detection analysis on a Light Cycler System (Roche Diagnostics, Mannheim, Germany). The protocols for the RT-PCR (TIB MOLBIOL, Berlin, Germany) were as follows: forward primer: 5′ -TCCATATAACTCTGCATAGAGGCA-3 ; reverse primer: 5′ -GATATCCATTGCCTCAAGCA-3′; anchor hybridization probe: 5′ -LCRed640-CATGCAAATGTGTGAGTGTATATATGTGTA ATG-phosphate-3′; sensor [G] hybridization probe: 5′-TCTGACTT GACATATTCTAATTTTG -fluorescein-3′.
Image Acquisition
All MRI data were acquired at the Life & Brain Center Bonn, Germany, on a 3T Magnetom Trio Scanner (Siemens, Erlangen, Germany) using an eight-channel head coil. Diffusion-weighted imaging (DWI) data were acquired using single-shot, dual echo, spin-echo planar imaging (TR = 12 s, TE = 100 ms, 72 axial slices, 1.72 × 1.72 × 1.72 mm resolution, no cardiac gating). As parallel imaging scheme, a GRAPPA technique with an acceleration factor of 2.0 was chosen. Diffusion gradients were isotropically distributed (60 directions, b-value = 1000 s/m 2 ). Seven additional datasets with no diffusion weighting were acquired, combined with one after each block of 10 DWI as an anatomical reference for motion correction. Along with the diffusion-weighted data, a high-resolution T 1 -weighted image was acquired using an MP-RAGE sequence (160 slices, TR = 1300, TI = 650, TE = 3.97 ms, resolution 1 × 1×1 mm, flip angle 10°).
Connectome Reconstruction
Structural connectomes were reconstructed as described previously (de Reus and van den Heuvel 2014; Schmidt et al. 2014; van den Heuvel, Scholtens, Barrett et al. 2015; van den Heuvel, Scholtens, de Reus 2015) : Fiber pathways were reconstructed using the Fiber Assignment by Continuous Tracking Algorithm (Mori et al. 1999) , after correcting the DWI data for motion and possible eddy-current distortions and after determining each voxel's principal diffusion direction using a robust tensor fitting algorithm. Eight seeds were placed evenly distributed within each white matter voxel and streamlines were propagated starting from each seed following the principle diffusion direction from voxel to voxel. This resulted in a comprehensive map of streamlines which represented the spatial distribution of fiber pathways across the brain. The macroscopic connectome was reconstructed in each participant based on a cortical and subcortical gray matter parcellation obtained from the T 1 -weighted images using the Freesurfer software suite (Fischl et al. 2004 ). In total, 34 bilateral cortical and 7 bilateral subcortical regions of interest (ROIs) were selected based on Freesurfer's DesikanKilliany atlas. Each individual brain network was modeled as a graph G = (V, E), with the 82 ROIs from the Freesurfer parcellation defined as network nodes V, and for each pair of nodes a connecting edge E was placed between the nodes if one or more reconstructed tractography streamlines were found to touch both ROIs. Two weighted network (adjacency) matrices were computed for each participant: 1) a matrix with edges weighted according to the number of reconstructed streamlines touching both ROIs (number of streamlines, NOS) and 2) a matrix with edges weighted according to streamline volume density (SD) a measure that normalizes NOS values by dividing them by the mean volumes of the connected structures (Hagmann et al. 2008 ; Van den Heuvel et al. 2012) .
Rich Club Organization
A priori definition of rich club regions was adapted from van den Heuvel and Sporns (2011) who used the same cortical-subcortical parcellation scheme as the present study. A priori rich club regions were 1) the putamen, 2) the hippocampus, 3) superior parietal, and 4) superior frontal cortex, 5) the precuneus, and 6) the thalamus, all bilaterally (a similar approach of a priori selection of ROIs was used in, e.g., van den Heuvel et al. 2013; Collin, Kahn et al. 2014; Verstraete et al. 2014 ) . Given the selection of rich club nodes, the total set of reconstructed network edges was classified into 1) rich club connections spanning between rich club nodes, 2) feeder connections connecting a nonrich club region to a rich club region and 3) peripheral connections connecting 2 nonrich club regions (van den Heuvel et al. 2012 ).
For each subject, rich club connectivity, feeder connectivity and peripheral connectivity was computed as the mean connectivity strength of rich club connections, feeder connections, and peripheral connections, respectively (Towlson et al. 2013; van den Heuvel et al. 2013; Collin, Kahn et al. 2014 ).
In addition to the a priori rich club definition, individual rich club connectivity in each participant was also tested 1) on the basis of the highest ranking nodes by selecting the 12 network nodes with the highest degrees and 2) by selecting nodes with a nodal degree exceeding a cutoff of 1.25 SD above the network mean (van den Heuvel et al. 2013; Ball et al. 2014 ). The first procedure allows for an idiosyncratic set of rich club nodes and a fixed rich club size, and the latter of the 2 procedures allowed for different classifications of brain regions across subjects and varying individual rich club size.
Validation of Rich Club Definitions
We decided to use a priori rich club definition to show genetic effects and then validate these effects by using rich club definitions based on individual networks to avoid any potential selection bias. To validate this rich club definition, we assessed individual rich club levels, that is, whether interconnectivity between rich club nodes is higher than expected by chance. For each participant and for each rich club definition, a set of 1000 random networks was computed by shuffling the edges between nodes while preserving the degree sequence. We then determined each participants' rich club level by computing the mean of the ratios between the empirical rich club connectivity and the rich club connectivity in the set of random networks. At the group level, the significance of rich club levels was assessed by one-sample t-tests (testing against a mean ratio of 1). At the individual level, we assessed the significance based on the null distribution of rich club levels across random networks.
Statistical Analysis
We assessed the association between TPH2-703 G/T polymorphism and mean connectivity on different connection types by a mixed-design analysis of variance (ANOVA) with the withinsubject factor connection type (3 levels: rich club, feeder, and peripheral connections) and different allelic groups as between-subject factor (2 levels: G/G vs. G/T and T/T) while controlling for participants' age. For each ANOVA model, we tested whether controlling for mean overall connectivity strength affected the results. Greenhouse-Geisser correction was applied when the assumption of sphericity was violated. False discovery rate (FDR)-corrected t-tests were used to assess significant main effects.
Similarity of spatial organization of rich club regions between genotype groups was assessed using the Jaccard index (Steen et al. 2011) . The Jaccard index expresses the overlap between 2 sets (e.g., the individual rich clubs of 2 participants) as the ratio of the intersection (number of brain regions classified as rich club regions in both participants) over the union of both sets (number of brain regions classified as rich club in at least one of the two participants). We calculated this overlap in rich club localization for each pair of participants which resulted in a 92 × 92 overlap matrix. From this matrix, we computed 2 indices for each participant: The mean Jaccard index between a given participant and all other participants (row-wise mean), which quantifies the similarity of the rich club assignments and the variance of the Jaccard indices (row-wise variance) expresses how variable the assignments are. Differences in mean similarity and variability between genotype groups were assessed by t-tests.
Global Network Measures
To characterize the network as a whole, and to examine any (nonspecific) effect of TPH2-703 G/T on global connectome organization, we quantified the "mean overall connectivity strength" S across all edges, the network's "global efficiency" E by computing the average of the network's inverse path lengths, and the "global clustering coefficient" C, as the average likelihood that 2 neighbors of a node share a connection among themselves as well. All metrics were computed using the Brain Connectivity Toolbox (Rubinov and Sporns 2010) .
Edge-Removal Metrics
An alternative means to investigate the effect of TPH2 genotype on the connectome and the rich club is to make use of edge-removal metrics to study the effect of simulated lesioning on connectome and rich club architecture (de Reus and van den Heuvel 2014; de Irimia and Von Horn 2014) . For every edge that was present in at least 60% (de Reus and van den Heuvel 2013b) of TPH2 G/G and TPH2 T+ carriers (i.e., both G/T and T/T carriers), we estimated the effect of removing this edge from the adjacency matrix on measures of connectome wide network efficiency. This approach resulted in one metric per network edge in the adjacency matrix, quantifying the individual edge's contribution to efficiency of the entire network. The impact of edge removal on "global communicability," "characteristic path length", and the "global cluster coefficient" (gCC) was evaluated on the basis of a binary group adjacency matrix. Communicability is a generalization of the shortest path length that acknowledges the fact that not all communication in networks flows along the shortest paths (Estrada and Hatano 2008) . For the communicability between 2 nodes, nonshortest paths are considered, with longer walks receiving lower weights, and the average across all node pairs is taken as the level of global communicability within the network. To link the edge-removal metrics to TPH2 genotype associations, we compared mean connectivity on each edge between TPH2 G/G and T+ by means of a t-test (including only nonzero connection strengths). We then correlated the resulting effect size measures (Hedge's G) separately with the 3 edgeremoval metrics in an edge-by-edge fashion. On the network level, these correlations were computed based on 640 (number of edges) bivariate data points, making statistical significance a less optimal criterion for evaluation (as this high number of data points makes effects with the tiniest explained variance already significant). Thus, as an alternative, edge-wise relationships between the strength of the TPH2 effect and the impact of lesioning this edge were considered practically significant if the effect reached an alpha of 0.05 (FDR-corrected) and the amount of shared variance exceeded 1%.
Results
Genotyping
Genotype frequencies for TPH2-703 G/T were G/G n = 57, G/T n = 30, T/T n = 5 and did not deviate from those expected according to the Hardy-Weinberg Equilibrium (χ 2 (1) = 0.159, P = 0.69).
Gender was equally distributed across genotype groups (Fisher's exact test, P = 0.64). Because of the skewed allele distributions, T-alelle carriers (genotypes G/T and T/T) were grouped and tested against homozygous G/G genotype carriers, as common in the literature (Canli et al. 2005; Enge et al. 2014 ).
Rich Club Organization
Significant rich club organization was observed for both binary and weighted networks. At the group level, the mean rich club level across all participants exceeded a value of 1 for both binary and weighted networks, for all 3 rich club definitions (all P < 0.001). Similarly, at the individual level, a significant rich club organization was observed in 90% of all participants for binary networks (P < 0.05, one-sided) and in 100% of participants for weighted networks (P < 0.05, one-sided). Figure 1 shows levels of mean NOS and mean SD per connection type and genotype group. ANOVA analysis revealed a significant interaction between TPH2 allelic groups and connection type for mean NOS (F 1.08,95.51 = 6.140, P = 0.013), as well as a main effects for connection type (F 1.08,95.51 = 105.489, P < 0.001) and for the allelic groups (F 1,88 = 5.27, P = 0.024). Exploratory t-tests revealed that the main effect for connection type was driven by significant differences between all 3 connection types (that is rich club, feeder and peripheral connections, all P < 0.001, significant after FDR-correction). Notably, the main effect for genotype was driven by a significant difference regarding mean connectivity on rich club connections (t (90) = 2.663, P = 0.009, P = 0.027 FDR-corrected), showing a higher level of rich club connectivity in the carriers of the T-variant when compared with the group of homozygous G/G carriers. We observed no such difference for feeder (t (90) = 1.399, P = 0.165) and peripheral connectivity (t (90) = 0.970, P = 0.335). Furthermore, similar rich club results were obtained when mean overall connectivity strength (i.e., variations in global connectivity across subjects, not specific to any type of pathway) was added to the model as covariate (F 1.10, 95.79 = 4.099, P=0.042), suggesting that the association between TPH2 and rich club connectivity is not attributable to unspecific higher overall connectivity. Verification with the SD-weighted networks again showed the same results (interaction between connection type and genotype F 1.41, 123.69 , P = 0.003) and interaction with global connectivity as covariate (F 1.39, 121.08 = 6.586, P = 0.006). Similar results were also obtained when we further controlled for fiber distance between rich club nodes in addition to age and mean connectivity (NOS: F 1,86 = 7.638, P = 0.007; SD: F 1,86 = 7.937, P = 0.006). Our findings thus show a significant interaction between genotype and connection type, with higher connectivity on rich club connections in carriers of the TPH2 T-allele (genotypes G/T and T/T) relative to participants homozygous for the TPH2 G-allele (genotype G/G).
We verified the effect of TPH2-703 G/T genotype on rich club connectivity using the individual rich club definitions (see Materials and Methods). Both methodological approaches yielded the same results as our main analysis: Using the 12 highest ranking nodes for each individual, we observed the interaction between TPH2 and connection type as described above, for NOS (F 1.06, 92.93 = 4.918, P = 0.027) and for SD (F 1.15, 100.9 = 7.413, P =0.006). When controlling for mean overall connectivity, we again observed a significant interaction for SD (F 1.6, 101.363 = 7.71, P = 0.015), but for NOS the effect was diminished to trend level (F 1.08, 94.29 = 2.883, P = 0.09). Using a second criterion that also allowed the rich club to vary in size across subjects (i.e., all nodes with a degree exceeding the network mean by 1.25 SD) again revealed similar findings, that is, higher rich club connectivity in carriers of the TPH2 T/T and T/G genotypes relative to G/G carriers (NOS: F 1.13, 99.87 = 3.862, P = 0.048; SD: (F 1.2, 105.89 = 4.071, P = 0.039; NOS, controlling for global connectivity: F 1.16, 1000.9 = 2.262, P = 0.132; SD, controlling for global connectivity (F 1.2, 104.45 = 4.111, P = 0.038). This effect was not confounded by individual differences in rich club size, because there was no such difference between genotype groups (t (90) = 0.65, P = 0.518). Furthermore, the 2 genotype groups showed similar spatial rich club organization as assessed by the Jaccard index (rich club defined as 12 highest degree nodes: t (90) =−1.109, P = 0. 
TPH2 Effects on Individual Rich Club Nodes
As post hoc analyses, possible associations between TPH2 and within-subcortical, subcortical-to-cortical, and within-cortical rich club connectivity were examined. A 3 (connection type) × 2 (TPH2 groups) mixed-model ANOVA was fitted, while treating age and mean connectivity as covariates. A main effect for TPH2 and no significant interaction was observed, indicating a similar TPH2 effect across subcortical and cortical members of the rich club (main effect NOS F 1,87 = 3.93, P = 0.05, main effect SD F 1,87 = 5.545, P = 0.021).
To examine possible TPH2 associations on the level of single rich club nodes, we computed mean connectivity (NOS and SD) between each rich club node and all other members of the club. Two sample t-tests revealed higher connectivity in G/T and T/T carriers compared with G/G carriers of the left thalamus (t (90) = 3.18, P = 0.012), the left putamen (t (90) = 2.69, P = 0.013), the right hippocampus (t (90) = 2.29, P = 0.028), the left precuneus (t (90) = 2.79,P = 0.013), and the left superior parietal cortex (t (90) = 2.71, P = 0.013). All reported statistics on single rich club nodes were computed based on the NOS-weighted network, are onesided, and corrected for the FDR. Repeating the analysis for SDweighted networks did not change the results.
Global Network Measures
We did not observe differences between genotype groups in global network measures, neither for global efficiency (NOS t (90) = 0.205, n.s.; SD t (90) = 0.85, n. s.), mean connectivity (NOS t (90) = 1.56, n.s.; SD t (90) = 1.53, n.s.), or the global clustering coefficient (NOS t (90) = 0.859, n.s.; SD t (90) = 1.19, n.s.).
Edge-Removal Metrics
We assessed potential effects of TPH2 on connectome organization by means of an edge-centric approach ). For each edge that was present in at least 60% of participants in either genotype group (a total of 640 edges, corresponding to a group-level density of 19%), we computed the impact of removing an edge from the adjacency matrix on the network's global communicability, characteristic path length, and global clustering coefficient (see Materials and Methods). We then correlated these edge-removal metrics against the association strength between TPH2 genotype and the edge's mean connectivity strength as expressed by the effect size (Hedge's G) of a t-test comparing edge-wise connectivity between genotype groups. Scatter plots, linear model fits, and nonparametric spearman correlation coefficients are given in Figure 2 .
Although correlations between edge-removal metrics and TPH2 association strength as assessed as an average over all connections combined are statistically significant (P < 0.05, FDR-corrected), estimates for shared variance were below 1%, indicating the absence of a relationship. Zooming in on different connection types, however, statistically and practically significant associations between TPH2 and the impact of connections on measures of network efficiency became apparent, in particular, for the class of rich club connections (Fig. 2) : First, the size of the TPH2 association was significantly associated with the effect of edge removal of the class of rich club connections on global communicability (explaining 4.1% of the variance, r = −0.20, P = 0.014; P = 0.029, FDR-corrected). Furthermore, the TPH2 association size was related to the impact of edge removal of rich club connections on global clustering coefficient (14%, r = −0.38, P < 0.001; P < 0.001 FDR-corrected). The negatively signed correlation coefficients indicate that higher effect sizes (i.e., higher connectivity in TPH2 T+ relative to G/G carriers) go along with a stronger negative effect on communicability and global clustering after edge removal of rich club pathways. In other words, the stronger the association between connectivity and TPH2 genotype on a given rich club edge (i.e., T+ vs. GG), the larger is the edge's impact on network organization and communication. No relationships between characteristic path length after rich club edge removal and TPH2 association strength were observed (r = 0.028, P = 0.74), which is in line with previous observations on rich club organization (de Reus and Van den Heuvel 2014). Regarding feeder connections, only global communicability change after edge removal was correlated with genotype association strength (1.2%, r = −0.11, P = 0.001; P = 0.0044 FDR-corrected). Even though the shared variance exceeds our liberal criterion of 1%, the effect is rather small and-given the absence of a robust association between TPH2 genotype and feeder connectivity strength in our main analysis-probably negligible. For the class of peripheral connections, no correlations were observed.
Discussion
Combining genomic information with connectomics our study shows an association between TPH2-703 G/T genotype and anatomical wiring of the human brain rich club. Carriers of the (more rare) T-variant tend to have higher connectivity compared with carriers of the wild-type G/G genotype. Relevance of the association between TPH2 and rich club connectivity for network communicability was demonstrated using edge-centric analysis. Hubs and rich club connections are hypothesized to form a high-cost, high-gain backbone or "core" for global brain communication (Hagmann et al. 2008; van den Heuvel et al. 2012; and our findings now suggest that higher connectivity of rich club edges as mediated by TPH2 genotype may have a larger influence on global network communication. Our results thus put forward the notion of TPH2 to possibly influence-through means of modulation of rich club network connectivity-the organization of macroscale connectome wiring.
The TPH2-703 T-allele resides on a haplotype block that has functional consequences on the transcriptional level, most likely due to loss in binding capacity for transcriptional factors (Scheuch et al. 2007) . Hence, a possible explanation for the association reported here might lie in different transcription rates and different enzyme expression in carriers of the TPH2 T-variant (Lim et al. 2007) . A simplistic account for the present finding may be based on the following hypothetical pathway: mRNA expression for TPH2 is decreased in TPH2-703 T-alelle carriers relative to G/G carriers (Scheuch et al. 2007) , which leads to reduced TPH2 concentrations throughout serotonergic neurons, including axonal terminal sites in rich club regions (Gutknecht et al. 2009 ). This may lead in turn to reduced serotonin biosynthesis and in consequence to reduced transmitter levels (Zhang et al. 2004) . With serotonin inhibiting axonal growth (Trakhtenberg and Goldberg 2012) reduced serotonin levels in T-carriers go along with a reduction in inhibition, possibly leading to a higher level of structural connectivity growth. This possible pathway, however, remains speculative and needs thorough experimental testing.
It remains an open question why the association is potentially specific to rich club connections. TPH2 expression has been investigated temporally across gestation and spatially within the adult brain (Gutknecht et al. 2009 ). To our knowledge, no study so far has either combined data on temporal and spatial expression or linked spatio-temporal expression profiles to brain development. It therefore remains open whether TPH2-controlled serotonin synthesis subserves a mechanism specific to the wiring of rich club connections or whether it may play a general role in white matter development which is much broader. Our analysis of edge-removal statistics, however, points toward specificity for rich club connections.
It is assumed that serotonin levels affect axonal wiring in a developmental-specific way (Gaspar et al. 2003) . In remains unclear during which ontogenetic stage the association between TPH2 genotype and rich club connectivity develops because we tested an adult only sample. However, it is important to highlight that increased rich club connectivity in TPH2 T-allele carriers was independent of age (which was added as a covariate in all of our analysis). The absence of an age-dependent relationship makes it unlikely that the observed difference in rich club connectivity between T-allele and G/G carriers results from a developmental effect that strengthens connectivity throughout adulthood. Although there have been mechanisms proposed by which white matter architecture can change in the adult brain (Dancause et al. 2005) , these changes most dominantly affect fractional anisotropy as quantified by DWI (Zatorre et al. 2012) . We, however, measured structural connectivity by counting the number of reconstructed streamlines, a measure that is affected by different properties such as white matter microstructure, white matter volume, and axonal length. Rich club organization has been observed in children (Grayson et al. 2013) as well as in preterm born infants from the 30th gestational week onward (Ball et al. 2014; van den Heuvel et al. 2014) and it seems likely that anatomical changes underlying the genetic association reported here are set early during ontogenesis. Future investigations using lifespan data are needed to shed light onto the developmental trajectories of rich club connectivity and to unravel age-related dynamics of genome-connectome interactions. Another promising line of research in this light will involve the analysis of other functionally relevant genetic variants within the serotonergic system. Especially, variation on the serotonin transporter gene such as 5-HTTLPR has been shown to interact with variation on TPH2 Herrmann et al. 2007; Lesch and Waider 2012) . To investigate such an interaction much larger datasets than the present one are needed. Data on serotonin synthesis capacity and synaptic clearance of serotonin pathway will help to specify the pathway from genetic variation and dynamics in connectome development.
TPH2 genotype has been associated with a wide range of behavioral phenotypes, including affective processing and cognitive performance (Waider et al. 2011) . Associations have been accompanied by morphological differences in subcortical regions (Inoue et al. 2010) , task-evoked changes in neural activity in the amygdala (Canli et al. 2005) , and in a fronto-parietal control network (Reuter et al. 2008) , as well as for anterior-posterior functional connectivity (Enge et al. 2014) . This is in line with recent data that have linked network parameters of global information integration to individual differences in cognitive ability (Li et al. 2009 ) and executive attention (Baggio et al. 2015) . In line with its broad role in normal cognition and affective processing, the serotonergic system has been implicated in many psychiatrically relevant disturbances of psychological and behavioral phenomena (Cowen and Lucki 2010) . Compounds targeting receptors and enzymes in the serotonergic system are used to treat psychiatric conditions, such as depression, anxiety, and psychotic disorders, including schizophrenia, and evidence suggests that allelic variants of TPH2-703 G/T may act as a risk factor for these conditions (Waider et al. 2011) . In a meta-analysis, Gao et al. (2012) report a link between TPH2-703 G/T and major depression, and single studies have also reported an association between schizophrenia and TPH2-703 G/T (Schuhmacher et al. 2012; Yi et al. 2012; Xu et al. 2014 ). This corroborates on previous studies reporting affected connectome and rich club organization in schizophrenia patients (Lynall et al. 2010; Zalesky et al. 2011; van den Heuvel et al. 2013; Collin et al. 2015) and their relatives (Collin, Kahn et al. 2014 ; see also Van den Heuvel and Fornito 2014) . However, it has to be explicitly noted that studies so far have not detected an association between TPH2 G/T and schizophrenia (Watanabe et al. 2012 ). This highlights the requirement to establish valid intermediate phenotypes in the sense of biomarkers for clinical research (Meyer-Lindenberg and Weinberger 2006) .
In addition to structural connectivity, the examination of functional connectivity would be of particular interest, as functional connectivity has been noted to have a stronger state component, and might therefore be the better target for treatment strategies (Baur et al. 2013) . It is a shortcoming of the present investigation that we did not include resting-state fMRI data in our study and, it remains unclear whether and if so how the presented structural connectivity outcomes relate to brain activity and connectivity. Combining genetic data on the serotonergic system with both functional and structural connectomics will be a promising endeavor for future investigations. A further issue that warrants discussion is the ethnical background of our participants. All our participants were of Caucasian origin. While such ethnical homogeneity is desirable for genetic association studies, it limits the generalizability of effects to people from other ethnical backgrounds.
We report on a simple, but potentially important association between functional variation on the TPH2 promotor region and rich club organization. Importantly, our findings might be of future clinical relevance for psychiatric conditions and we encourage investigations into this relationship.
